Approximately 2500 samples of till and related sediments have been collected over the Frontenac Arch and adjacent areas of southeastern Ontario and southwestern Quebec. Although the primary objective of the sampling was to map components in the overburden that might be related to sensitivity of the terrain to the effects of acid rain, the data can be applied also to mineral exploration in the area. 
INTRODUCTION
Ln 1980, a sampling programme was initiated in the Frontenac Arch and surrounding areas in southeastern Ontario and in southwestern Quebec (Shilts, 1984a , Hornbrook et al., 1986 . The main objective of the project was to quantify regional variation in drift composition in order to provide baseline data for use in assessing the sensitivity of the terrain to the effects of acid rain. For this purpose, two groups of compositional characteristics in till and derived sediments were determined : (1) texture and carbonate composition (the buffering components) and (2) concentrations of naturally occuring trace and minor elements (potential sources of environmental contamination if released by acid leaching or by exchange reactions with groundwaters). Geochemical and other information obtained from this project can also be used for mineral exploration using drift prospecting techniques.
Geochemical mapping was based on systematic sampling of glacial sediments (Fig. 1) . Because the project was designed for environmental purposes, sampling strategies were different than they would have been, had the project been designed for drift prospecting purposes alone. The rationale behind the sampling plan was to collect, wherever , possible, the surficial sediments most representative of the debris load carried by the last glacier to pass over the sample site, and, where true glacial sediments are covered by a mantle of late or postglacial sediments, to sample those sediments which have the greatest influence on the near-surface environment.
Because of this strategy, the database (over 2500 samples) generated during this study (Kettles and Shilts, 1983) is composed of information for disparate sample populations. Till, which has been transported only by ice, is considered most representative of the glacial load (Shilts, 1975) . In upland areas, it was generally readily available for sampling, but where absent or inaccessible, glaciofluvial or outwash sands and gravels were collected. Glaciolacustrine and glaciomarine clayey silts were sampled at low altitudes, where they formed the predominant surface cover along major river valleys in the study area. Because each of the latter four types of sediment have undergone one or more cycles of fluvial transport before being deposited at the sample site, their physical and chemical characteristics are less representative of the glacial load than those of till.
In this paper, regional distribution patterns of carbonate minerals and selected trace elements in drift are examined. Possible causes of geochemical variation and their importance to drift prospecting are discussed. For ease of discussion, the two regions, one in southeastern Ontario and the other in southwestern Quebec, are treated separately although they are contiguous.
GEOLOGIC SETTING
Relatively flat-lying Paleozoic sedimentary rocks, dominated by carbonate lithologies, form flaggy outcrops in the Ottawa Valley and in the West St. Lawrence Lowland (Bostock, 1970) (Fig. 2 and 3 ). The remaining parts of both areas are underlain by Precambrian metasedimentary and igneous rocks (Baer et al., 1977) , referred to collectively as "crystalline" bedrock, which are characterized by massive outcrops and sharp but low relief. Most Precambrian rocks are part of the Central Metasedimentary Belt of the Grenville Structural Province. The belt is dominated by extensive areas of carbonate-bearing metasedimentary rocks, felsic and mafic plutons, and metavolcanic and noncalcareous metasedimentary rocks. The Central Metasedimentary Belt includes the Frontenac Arch, a prominent geological structure that connects the main body of the Canadian Shield in the north to the Adirondack Mountains south of St. Lawrence River. The remainder of the crystalline terrain comprises medium to high grade metamorphic gneisses of the Ontario Gneiss Belt.
' The dominant ice flow direction during the late Wisconsinan was southerly down the Gatineau valley in Quebec and south-southwest over southeastern Ontario. During the last stages of glaciation, one lobe of ice flowed southwestward, retreating from Lake Ontario towards the St. Lawrence Valley and another flowed south-southeastward and retreated up the Ottawa Valley (Richard, 1975 ; Gadd, 1980) . Stratigraphically, only one unit of till, which is associated with the last (Late Wisconsinan) glacial expansion of the Laurentide Ice Sheet, has been identified in the areas sampled (Gadd, 1980; Richard, 1975) . This till was referred to as Fort Covington till in the Merrickville map area, (Sharpe, 1979) at the eastern edge of the area covered by this work. Till is the most widespread deposit, forming a thin cover (0 to 5 m thick) over both Precambrian and Paleozic bedrock of the region but it can be thicker in depressions, along valley walls, and on the up-ice side of bedrock ridges.
Along the Ottawa, Gatineau, and St. Lawrence valleys and in low-lying areas near Georgian Bay, glaciomarine and glaciolacustrine sediments predominate. The Ottawa, lower St. Lawrence, and lower Gatineau valleys were inundated by the Champlain Sea and the upper part of the Gatineau valley by a late glacial lake; the limits and history of which are at present poorly understood (Dadswell, 1974) . Lowlying areas in the southern and western parts of the Ontario study area were flooded by glacial Lakes Iroquois and Algonquin, respectively.
Field and Laboratory Methods
Samples were hand-dug from natural or man-made exposures along roads and streams as well as from sand and gravel pits. Sample locations and types are shown in Figure 1 . Care was taken to collect materials from below the solum, except in the best exposures of till and other sediments, where samples were collected in profile over the entire sequence.
In this study, emphasis was put on studying the fine (silt plus clay ( < 63pm) and clay-sized ( < 2 pm)) fractions of the sample matrix. Results of experiments undertaken to study chemical partitioning in till (Shilts, 1984b) , indicate that there is a disproportionate amount of metal in clay-sized compared to the coarser parts of the till matrix. Because of the greater internal surface area than in coarser fractions, the fine component probably reacts preferentially with soluThe carbonate content of the silt plus clay-sized ( < 6 3 tions passing through the drift; even small amounts of claypm) and fine sand (63 to 250 pm), fractions was determined, sized detritus can have a major effect on the chemistry of after a method devised by Foscolos and Barefoot (1970) , ground or surface waters. using a Leco carbon analyzer to measure carbon concentra--tion' which were conveked to percent calcium carbonate The ( < 2~m ) fraction of and equivalent, Paleozoic limestone and dolomite erratics were some sand and grave' was centrifugaseparated from the granule-small pebble fraction (2 to 6 rnm) tion and analyzed for selected trace and minor elementsand their weight percent of the total fraction was calculated. copper, lead, zinc, cobalt, nickel, silver, chromium, Grain size analyses were performed by standard methods. molybdenum, manganese, iron, cadmium, mercury, uranium, and arsenic, after treatment with a hot -nitric-R~S U~~S of analyses along with sample locations and hydrochloric acid leach. All elements were analyzed using descriptions were stored on computer files. Geochemical atomic absorption techniques, except for uranium and data for a representative sample from each site were plotted arsenic, which were analyzed using fluorimetric and coloriand contoured using a computer package (APPMAP) develmetric methods, respectively. oped by D.J. Ellwood of the Geological Survey of Canada. 
DRIFT COMPOSITION concentrations of erratics and finer carbonate debris derived
Data generated during this study confirm that drift composition is controlled by: (1) glacial transport processes; (2) composition of the underlying and up-ice bedrock; (3) sediment facies sampled; and, (4) degree of weathering. For individual samples, one or more of these factors affects composition; a fact well illustrated by some of the results of this study.
The distribution of carbonate minerals and changes in textural composition in drift in southeastern Ontario constrain interpretations of the processes of glacial erosion and transport. As would be expected, carbonate contents of silt plus clay (Fig. 4) and fine sand fractions (not shown) of drift are high ( > 10 % ) in areas underlain by Paleozoic rocks east and south of the Frontenac Arch. However, high concentrations also are found over all types of crystalline rocks in the eastern and southern parts of the Frontenac Arch itself. In contrast, concentrations of carbonate are low over the western part of the region, from Barry's Bay and Kaladar west to Georgian Bay, even where drift overlies marble. Weight percent Paleozoic limestone and dolomite erratics in the total granule fraction (not shown) produce regional patterns that have similar configurations.
The high frequency ofi'Paleozoic erratics in carbonaterich till overlying crystalline rocks and the widespread occurence of relatively carbonate-poor drift overlying marble suggest that carbonate components were more readily eroded from the flaggy, flat-lying unmetamorphosed rocks of Paleozoic basins than from the massive, little fractured Precambrian marble. This is reflected by dispersal of high from Paleozoic rocks more than 70 km southwestwards over the crystalline rock of the eastern Frontenac Arch. In contrast, in areas where crystalline material was carried from the Shield onto Paleozic rocks, it was quickly diluted by glacial erosion of large quantities of Paleozoic debris. Carbonate concentrations in till increase dramatically directly on and down-ice from numerous Paleozic outliers that occur near the southern edge of the Frontenac Arch. On and down-ice from marble outcrops of similar size, however, there is little enrichment of carbonate in the drift. The reason for the contrasting effects of these two mineralogically similar lithologies probably lies in the relative resistance to glacial erosion of the massive marble outcrops compared to the jointed, flaggy nature of the limestone outcrops.
Carbonate-poor till in southeastern Ontario generally has a smaller component of silt and clay-sized material than carbonate-rich till (Fig. 5 ). There appears to be little difference in texture between carbonate-rich till overling Paleozoic sedimentary rocks and carbonate-rich till overlying Precambrian crystalline rocks of the eastern Frontenac Arch.
Dispersal patterns of many trace elements reflect composition of the underlying bedrock. For example, the large areas of arsenic enrichment in southeastern Ontario (Fig. 6) broadly outline prominent belts of metavolcanic and metasedimentary rock. Two known sources of arsenic (Sangster, 1982) in these rocks are quartz vein-hosted sulphide deposits in metavolcanic and clastic metasedimentary rocks and arsenic-enriched pyrite in sulphide iron formation (Sinclair, 1979 ; DiLabio et al., 1982) indicate that dispersal from small sulphide occurrences in the marble is on the order of 1 km. In any case, enlargement of the area covered by arsenic-enriched drift to a size greater than the outcrop area of any of the known source rocks reflects processes of glacial erosion and transport of debris from the probable sources.
Distribution patterns of zinc and uranium in drift in southwestern Quebec also reflect underlying bedrock composition (Figs. 7 and 8) . Almost all areas of zinc enrichment are underlain by marble, and the large area of uranium enrichment centered on and extending southeastward from 45O50'N and 76O35'E is underlain by granitic intrusive rocks. Marbles of the Central Metasedimentary Belt are known to be enriched in zinc (Sangster, 1982) . The uranium enrichment likely represents high concentrations of this ele- Some chemical variation in glacial sediment composition may also be attributed to postglacial weathering. To investigate the effects of weathering on carbonate content, samples were collected in profile through the entire stratigraphic sequence, including the solum, in the best exposures of till. Table 1 summarizes results of carbonate measurements on some profiles collected in carbonate-rich drift in southeastern Ontario. Results indicate that at depths of one metre or less, severe leaching occurs regardless of the original carbonate content of the parent material. Below one metre, there is little or no depletion of carbonate, even in till which shows signs of weathering. Indications of weathering include colour changes from grey to grey brown, precipitation of oxides, and the presence of chemically disaggregated, coarsely crystalline clasts. In contrast, depths of leaching in carbonate-poor tills in the Thetford Mines area of Quebec, where weathering of the tills was studied in detail (Shilts and Kettles, in press) , are much greater (over 2 m and often up to 4 m).
The degree to which weathering affects the carbonate content of drift appears to be controlled largely by the inherent provenance-related composition of the sediment. In the Thetford Mines area, which is part of the Appalachian Highlands, original carbonate contents in drift are low (4 % CaC03 equivalent) compared to the eastern part of the Frontenac Arch, where concentrations are frequently higher than 15 % CaC03 equivalent. In New York, Merritt and Muller (1959) , studying leaching depths of tills, found that there are critical levels of carbonate in till, above which buffering capacity is disproportionately increased. In addition, in the Thetford Mines area, there are abundant pyrite fragments visible in the till matrix. Rates of leaching are thought to be further accelerated when sulphuric acid, produced from the breakdown of pyrite and other sulphides, reacts with any remaining sulphide and carbonate minerals in the soil (Levinson, 1974, p. 77) . Thus, the low sulphide content and the high carbonate contents of the eastern part of the Ontario study area combine to keep leaching depths to a minimum, in spite of the coarse texture and permeable nature of the drift.
Concentrations of iron, sometimes of manganese, and frequently other trace elements, tend to be high in samples of till and other glacial sediments that were described in the field as being highly weathered. A large porportion of the clay-sized detritus of highly weathered samples is composed of secondary minerals consisting primarily of iron and manganese oxides and hydroxides, and probably some authigenic clay. These secondary minerals form as sulphide and silicate minerals break down (Shilts, 1973) . Because these secondary clay-sized materials have high cation exchange capacity compared to the clay-size fraction of adjacent unweathered till, they scavenge cations from groundwater solutions. In this way, metal levels are built up in weathered sediment which are in excess of those in primary "glacial" clay fractions of adjacent deposits.
Another cause of variation in chemical composition of drift can be related to sediment facies sampled. Frequency distribution histograms were plotted using data for samples from each of four sediment groups -till, glaciofluvial or outwash sand andlor gravel, glaciolacustrine silty clay, and glaciomarine silty clay for each trace element. Histograms of copper and chromium, which typify results for the other trace elements, are shown in Figure 9 for each study area.
For each trace element, there is a narrow range of trace element concentrations in samples collected in glaciolacustrine and glaciomarine silty clay compared to till and glaciofluvial or outwash sand and/or gravel. The trace element levels in glaciomarine and glaciolacustrine sediments probably reflect the average composition of the clay fraction of rock flour suspended in the meltwater flowing into the lake or marine basin. The rock flour, in turn, was derived from many lithologically different source areas on the glacier's bed before being homogenized in the lake or sea and widely dispersed over the flooded areas. In contrast, the wide range of concentration levels for samples collected in till and glaciofluvial or outwash deposits, represents local variability in bedrock lithologies either at the sample site or just up-ice from it.
The compositional disparities among sediment types are clearly reflected by the regional distribution patterns of some trace elements. For example, concentrations of copper (Fig. lo), uranium (Fig. 8) , and cobalt (not shown) in the clay-sized fraction are consistently and uniformly low, and chromium (Fig. 11) is consistently and uniformly high along the Ottawa and Gatineau valleys in southwestern Quebec, where glaciomarine and glaciolacustrine samples predominate. In the cases of copper (Fig. 9b) , cobalt (not shown), and uranium (not shown), there is a wide range of concentrations in samples of till and glaciofluvial and outwash sediments, but the means, around which values for glaciomarine and glaciolacustrine samples also cluster, are low. In contrast, the mean concentration levels for chromium for samples from all sediment groups fall around the median, with samples of glaciomarine/glaciolacustrine sediments having a distinctly higher mean. The elevated levels of chromium in fine-grained sediments most likely reflect enrichment in chromium derived from the mafic rocks in the upper Gatineau valley. Similar chromium enrichment in marine clay was also found on the Boothia Penninsula, District of Keewatin (Shilts, 1980) . In Keewatin, enrichment reflects the presence of debris in the glaciomarine sediment derived from fuschite-bearing supracrustal rocks which outcrop throughout the region, but a specific source in southwestern Quebec is presently unknown. In both study areas, the frequency curves for copper and chromium (Fig. 9) , as well as for most other trace elements, exhibit similar relationships with respect to sediment type. The compositional disparities caused by changes in sediment facies sampled, however, are reflected much more strongly on the trace element maps for southwestern Quebec than for southeastern Ontario. Silty clay predominates along the Ottawa and Gatineau valleys in Quebec, as it does along the Ottawa and St. Lawrence valleys in southeastern Ontario. In Quebec, however, the silty clay cover makes up a much larger and more areally continuous part of the study area than it does in Ontario, and silty clay samples comprise over one third of the total sample population, compared to only one tenth in Ontario.
Figure 9 also shows that a larger number of glaciofluvial samples have higher trace element concentrations in clay, on average, than do samples of till. Because glaciofluvial and outwash deposit samples are generally more coarsegrained than till and other samples, a larger proportion of any clay-sized detritus present in their matrix is composed of secondary minerals, formed by weathering of labile minerals (Shilts, 1973) . Because it is difficult to interpret which part of the geochemical signal for these samples represents provenance and which part the presence of weathering artifacts, data for these samples were not included among the samples from which the concentration maps were derived.
CONCLUSIONS
Distribution patterns of carbonate and trace and minor elements in drift over both study areas can be related to one or more of the following: (1) effects of glacial transport; (2) composition of the underlying and up-ice bedrock; (3) sediment facies sampled; and, (4) degree of weathering.
Regional distribution patterns of carbonate and different textural components in drift are influenced most strongly by glacial transport. In the area north of the St. Lawrence River in southeastern Ontario, the compositional influence of bedrock is partially masked by the exotic composition of glacially transported debris overlying it.This is reflected by high carbonate contents of till derived from Paleozoic terranes of the Ottawa valley. The carbonate-rich till lies on a variety of noncalcareous igneous rocks. Carbonate-poor till in southeastern Ontario and southwestern Quebec generally has a smaller component of silt and clay-sized material than the carbonate-rich till north of the St. Lawrence.
Because of the lack of dilution by Paleozoic debris, samples outside the areas of carbonate-rich drift are more likely to have trace elemeRt compositions that are more closely related to the average composition of the underlying bedrock than to the effects of glacial transport. Nevertheless, even in high carbonate areas, geochemical signatures of mineralized bedrock do stand out, albeit subdued in some cases. The fact that the distortion of underlying bedrock signatures by glacial processes is not so important outside the area of Paleozoic dispersal probably reflects low sediment production in the hard crystalline shield terrane.
In some cases, compositional changes reflect changes in the sediment facies sampled. Concentrations of copper, uranium, and cobalt were consistently and uniformly low, and chromium consistently and uniformly high in glaciomarine siltlclay samples collected over large areas along the Ottawa and Gatineau valleys. The geochemistry of these sediments reflects no more than the average composition of the clay fraction of rock flour suspended in the meltwater flowing into the basin in which they were deposited. As a result, their presence can, in a similar manner to that of Paleozoic carbonate debris in till in southeastern Ontario, effectively mask the composition of the underlying till and bedrock. Therefore, these sediments are of little value when used in mineral exploration studies.
In some areas, only sand, gravel or badly weathered till were available for sampling. When the clay fraction of these samples was analyzed, a disproportionate number were found to have high concentrations of one or more trace elements including most frequently iron and often manganese. High metal levels in these sediments are thought to reflect the high exchange capacities of postdepositional weathering products, rather than the original mineralogic composition of the sediment (see discussion in Shilts, 1973) . As a result, interpretation of anomalies found in these sediments is difficult. Unless careful consideration is given to trace element and other data generated for these types of samples, they should be avoided as sampling media wherever possible.
The presence of chemical variations associated with changes in sediment facies and degree of weathering, demonstrates that in all drift geochemical studies carried out for the purpose of mineral exploration, particular emphasis should be put on careful selection or correct identification of glacial sediment type for sampling, and also on obtaining sample materials that are as unweathered as possible. This is especially important for detailed studies. By minimizing the amount of compositional variation caused by weathering and changes in sediment facies, those changes related to provenance can more readily be identified and properly understood.
